Geotechnical site characterization through non-invasive and cost-effective electrical resistivity imaging (ERI) and induced polarization imaging (IPI) offers promise compared to conventional point-geotechnical site investigations (standard penetration test, SPT), for which a basic understanding of factors (grain size (sand, fines) and water content) influencing them is needed. Here we perform a multiple regression analysis of ERI, IPI and SPT results in a site investigation at Lucknow, India. The results show that grain size and water content influence both chargeability and SPT values in a similar manner, while resistivity values are affected differently with a low RMS prediction error for chargeability.
GEOMECHANICAL properties of near surface soils are routinely estimated through analysis of soil samples and invasive geotechnical testing that could include, for example, the standard penetration test (SPT), static cone penetration test (SCPT) and dynamic cone penetration test (DCPT) 1, 2 . Although these geotechnical tests provide high-resolution data to geotechnical engineers, their acquisition is fraught with heavy budgets as well as invasive and time-consuming methodologies. Furthermore, SPT and SCPT are not feasible for hard strata at shallow depths 1, 2 , but knowledge of geomechanical properties to sufficient depths is needed for major civil constructions. The possibility of predicting site geotechnical test results through a conjunctive use of geoelectrical (electrical resistivity imaging (ERI) and induced polarization imaging (IPI)) and few geotechnical data was explored 3 . Electrical data and SCPT results to delineate the subsurface lithological units were used 4 . It is well known among the geotechnical community that the SPT-N value is directly proportional to grain size and clay content, and inversely proportional to porosity and water content 1, 2, 5 . However, the relationship between geotechnical parameters and geophysical measurements has been studied by only a few researchers. Resistivity of earth materials is inversely proportional to porosity, clay content and water content whereas it is directly proportional to grain size of rock matrix and air content in the vadose zone 6 . So, it would seem logical that electrical measurements could be used to investigate the same rock and soil properties that influence geotechnical measurements. These overlapping soil propertiesgrain size and water content are referred to as 'jointly influencing parameters' 7 . A correlation between resistivity and SPT blow count has been reported based on correlation coefficients for different soil types 8 . Electrical resistivity values are affected by geotechnical soil properties (void ratio, grain size, density, Atterberg limit, porosity and moisture content) 9 . Using scatter plots, a simple linear regression analysis was performed to find the correlation between formation strength parameters (friction angle, cohesion, moisture content and plasticity index) and resistivity 10, 11 . Linear and multiple regression analyses were also carried out to predict formation strength parameters (friction angle and cohesion) by considering resistivity and moisture content as independent parameters.
In view of the above, there is an urgent need for a comprehensive study on the influence of different soil parameters (grain size (sand and fines) and water content) on both geoelectrical and geotechnical measurements. Sand and shale/fines refer to standard particle size distribution within subsurface soil mass 12 . In the present study, we performed a combined multiple regression analysis of both geoelectric (ERI/IPI) and geotechnical (SPT) datasets acquired at a study region in Lucknow, Uttar Pradesh, India, with a prime objective of identifying the jointly influencing parameters 7 . Our results indicate that the presence of sands, fines and water content in the subsurface influences IP chargeability and SPT-N predominantly linearly, while it affects the resistivity nonlinearly; the extent of the exact influence is guided by local nearsurface lithological variations. Thus, this study will provide a basic logic to the conjunctive use of non-invasive and cost-effective geoelectric imaging with minimal deployment of invasive geotechnical testing of a project site. Figure 1 shows the site location of the study region along with different field geoelectrical profiles and SPT boreholes. For illustration of our methodology, we consider profile A-B (ERI/IPI) along with the nearby SPT boreholes. ERI and IPI data are processed using PROSYS II and interpreted using RES2D INV 13 . Our study region is located in the Gomti River basin, which is a part of the Indo-Gangetic Alluvial Plains (IGP) of area of 700,000 sq. km. Gomti is the major tributary of the Ganga. It is a rainfed river with its entire drainage in the Ganga plain 14 . The morphological features of the IGP include terraces, terminal fans/plains associated with rivers, eolian ridge, alluvial ridge, piedmont alluvial plain and remnants of old Ganga plain 15 . The terminal fans include those of Sitapur-Lucknow. The Gomti alluvial ridge is a prominent feature with a relief of 4-6 m compared to surrounding units. At present, the Gomti River incises the Gomti alluvial ridge. The outer region of the ridge is typically composed of loam/silt size sediments and inner region is coarse sandy, as a result of soil development in the outer part. Faults have played an important role in soil development, notably Gomti fault, Ghaghara fault, Lucknow fault besides many others identified by remote sensing, drainage pattern and digital elevation model studies [15] [16] [17] . The Gomti River is confined to the Gomti fault and it is observed that tectonics control the soil distribution 15 . The Young Sitapur-Lucknow Fan 15 is dated 6.00  1.22 ka and the Young Gomti Plain 15 is around 6.69  0.73 ka (using luminiscence dating). The remnants of old Ganga plain and Gomti alluvial ridge formed by a large river are overlain by soils with ages of 11-15 ka and underlain by fluvial deposits suggesting that the interfluve was probably connected to the major bounding rivers prior to ~15 ka (ref. 15 ). The activity of various segments of different incipient transverse normal faults at different times during 10 -5 ka, combined with dry subhumid/semi-arid climate produced different terminal fans by small ephemeral streams, on which soils started developing 15 . Repeated tilting of large blocks in the same direction led to shifting of rivers in the down tilt-direction and soil development in the up-tilt direction 15 . The pedogenic response to neotectonics suggests that upliftment of blocks caused a break in sedimentation and initiation of pedogenic activity under prevailing climate 16 . In general, the IGP soils are micaceous, but some soils with vertic characters are smectitic 16 . They were formed in alluviums derived from the Himalaya and cratonic rocks respectively. The thickness of alluvium varies between 4000 and 6000 m (ref. 17) . Only fine-grained sediments are transported and deposited in this region. On the basis of surface and subsurface exploration carried out by various agencies, fine sand, silt, and clay have been recognized as major lithologies.
The ERI and IPI data were acquired using SYSCAL Jr 48 electrode system with a 6 m electrode separation along profile A-B (Figure 1 ) using Wenner-Schlumberger configuration 18 . This type of arrangement is a hybrid between Wenner and Schlumberger arrays. It is moderately sensitive to both horizontal and vertical structures 19 . Figure 2 shows inverted resistivity and IP chargeability images.
The geotechnical studies made according to standards include SPT-N data acquisition from four boreholes, laboratory studies of collected undisturbed soil samples from boreholes, implementation of appropriate corrections to SPT data and preparation of lithologs for each borehole 12 . Table 1 shows a borehole B3, which includes lithology according to IS classification 12 , all independent input variables and one dependent function, SPT-N. The overburden and dilatancy corrections necessary for fieldobserved SPT data have been applied 12 . In Figure 2 , the four SPT boreholes have been projected onto geoelectric profile A-B. SPT-N values were procured systematically with a high resolution in multiples of 0.75 m depth-wise in a linear fashion. The soil samples were also collected at the same depth. They were analysed for grain size (sand and fines content), water saturation and lithology. However, the true resistivity (inverted apparent resistivity) and chargeability logs at the projected SPT borehole positions are in a nonlinear depth scale 19 . So, any further statistical analysis of these different datasets needs a common depth-scale basis for all of them. Here, we have chosen discrete 0.75 m as depth-wise sampling interval for all datasets. To achieve this objective, we implemented cubic spline interpolation scheme 20 to obtain new datasets (SPT-N, resistivity, chargeability, grain size distribution (sand and fines %) and water content %) 20 . For non-dimensional stacks (normalized data) of these depth profiles for each borehole (B3, B4, B10 and B14), the relevant discrete data values were divided by their respective maxima.
Multiple regression analysis was done to generate a relationship between independent and dependent variables 21 . The adjusted R 2 is normally used if more than one independent variable exists and it takes into account the sample size. Standard error is the usual standard deviation. Indeed, normalization is not a necessary step for any statistical data analysis like multi regression analysis, but it will help in easy interpretation. It is to be noted that for normalization we took the highest value for the respective discrete geoelectric and geotechnical data (SPT-N, resistivity, chargeability, grain size (sand and fines) and water content).
Next, the factors (independent variables) that affect both the geoelectric and geotechnical data were identified. Here, we chose grain size (sand and fines) and water saturation as influencing parameters for normalized SPT-N, resistivity and chargeability, and carried out multi-regression analysis. We have also implemented a multi-collinearity test among the influencing independent variables through the method of correlation coefficients to fix the real set of independent parameters. Hereafter, we will refer to SPT-N, resistivity and chargeability as observed datasets and outcome of multiple regression analysis as predicted data. The RMS error between the observed and predicted values (ERI/IPI and SPT) ascertains the influence of factors (independent parameters) affecting them. Depth-wise sampled resistivity (21 values), chargeability (21 values) and SPT-N (38 values) for borehole B3 were normalized and they formed the input-dependent functions along with independent variables (Table 1) to the multi-regression analysis module. Similar effort was made for other boreholes like B4, B10 and B14 ( Figure  1) . Tables 2 and 3 summarize multiple regression results (obeying multi-collinearity) of all boreholes B3, B4, B10 and B14 (Figure 1) . Figure 3 shows multiple regression results (obeying multi-collinearity) for borehole B3. In Tables 2 and 3 , in first column dependent variables are included while in second-sixth columns the weighting coefficients of free variables, their standard error, t-statistics and probability value at 95% confidence upper and lower bounds are included borehole-wise. The remarks appearing in the tables are self-explanatory.
Usually, electrical polarizability is expressed in mV/V and chargeability in mS. However, the industrial software (RES2DINV) has provided chargeability in polarizability units (Figure 2 ) by undertaking proper internal calculations. As we have utilized normalized datasets (resistivity, chargeabilty and SPT-N), we can expect their numerical values up to the sixth decimal place (normalized values are not included here), and by no means can one assume that original datasets are measured to the same accuracy. Figure 4 is a stack plot showing normalized SPT, resistivity, chargeability, grain size (sand and fines) and water content logs corresponding to borehole B3. Respective normalizing factors, mean and standard deviation are also shown in the figure. A cursory examination of these stack plots reveals that trend of SPT-N values follows that of fines. Further, a simultaneous decrease of resistivity beyond 6 m depth and increase of chargeability clearly emphasize the influence of fines on IP chargeability and SPT-N, as SPT-N behaviour is closely linked up with shear resistance of the soil irrespective of grain size (sand or fines). The water saturation plot in the depth range 10.5-17.25 m closely follows that of sand.
We have adopted a simple multi-regression analysis for fixing the role of practically quantifiable independent parameters (grain size and water saturation) on dependent functions (SPT-N, ERI and IPI). Multi-collinearity analysis has been implemented to choose the independent parameters among sand, fines and water content. Accordingly, two sub-cases involving sand and water content (case 1), and fines and water content (case 2) were considered. Even though water salinity could be another independent parameter, its inclusion is not justified as it does not influence SPT-N. Further, in our case of a small number of independent parameter sets, it is not worthwhile to use more sophisticated analyses like eigen function-eigen value or principal component.
For multi-collinearity test, the correlation coefficients (not included here) of different soil parameters like grain size (sand and fines) and water content demonstrate that for all cases, sand and fines are highly correlated (correlation coefficient >0.8), which indicates the presence of multi-collinearity between these variables. However, in this study all the three variables (grain size (sand and fines) and water content) are important. By accepting multi-collinearity results, we studied multiple regression in case of sand and water content, and fines and water content separately (Tables 2 and 3) . From, scrutiny of different borehole results summarized in Tables 2 and 3 , the following points emerge: (1) Fines (clay) and water content have positive contribution, whereas sand has negative contribution in chargeability and SPT-N values. The weights of all parameters are also similar for both chargeability and SPT-N value. (2) Fines (clay) and water content have negative contribution, whereas sand has a positive contribution in resistivity values. The weights of different parameters are negative in sign when compared to that of SPT and IP. (3) The behaviour of dependent variable (IP chargeability and SPT-N) with respect to that of independent parameters is similar.
For illustration sake we include Figure 3 a-c to show as to how the sand and water content as independent parameters influence prediction of dependent functions, SPT-N, chargeability and resistivity. Similarly, the influence of fines and water content on dependent functions can also be demonstrated (those plots are not included here). Thus the multi-regression results clearly confirm our initial contention that grain size (sand), fines (shale content) and water content influence both geoelectric (ERI and IPI) and geotechnical (SPT) measurements.
In order to achieve a conjunctive use of cost-effective geoelectric imaging and costly and invasive site geotechnical tests in a minimal manner, it demands a careful objective analysis of independent influencing factors on both these different datasets. Multiple regression analysis shows that both ERI/IPI and SPT are affected by sand, fines and water content. Based on prediction results, IPI and SPT are affected by grain size and water content in a similar way. However, the choice of ERI/IPI is sitedependent and geoelectric imaging can be adopted for geotechnical site characterization in a cost-effective manner.
